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Abstract 
Large windows are being evaluated for use in high temperature concentrated solar receivers to reduce radiative and convective 
losses, maintain a differential pressure, and separate reactants from ambient air in receivers for chemical processing. The design 
of a 1.7 meter diameter fused silica dome window is evaluated for its ability to maintain acceptable stresses when exposed to 
pressure differentials and large heat loads from solar irradiation and re-radiation from inside the receiver. The dome must be able 
to withstand the operational pressure differential of 0.5 MPa where the efficiency of the solar receiver combined with a 
recuperated gas turbine is maximized, and glass temperatures upwards to 800oC may be observed. Brittle materials like glass 
need the tensile stresses to be reduced to maximize the reliability of the dome window. However, glass does not possess a 
characteristic strength and it is dependent on the flaw size. Careful attention to the dome mount must be taken to minimize tensile 
bending stresses that can cause a catastrophic or rapid failure while maintaining an environmental seal.  
 
The Weibull failure probability method is used to arrive at a projected lifetime of the window under a constant state of stress. 
This stress is used to determine the maximum design stresses allowed during operation of the solar receiver. Window heat fluxes 
from a Monte Carlo Ray Trace of the heliostat field and receiver re-radiation is utilized to couple the thermal mechanical effects 
of the window and its mount. A finite element analysis (FEA) is presented evaluating the stresses when considering the heat 
absorption in the window from transmitted light and re-radiation from within the solar receiver, combined with the applied 
pressure differential between the solar receiver and atmospheric conditions.. The preliminary design of the window shape, 
thickness, and mounting strategy is presented. 
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1. Introduction 
Solar particle receivers, first demonstrated by Hunt in 1979 [1] operate in a temperature and pressure regime to 
power a Brayton cycle with a gas turbine engine. Air from the gas turbine compressor is injected with small carbon 
particles, ranging on the diameter of a few hundred microns, which are injected into a volumetric receiver body. As 
the air heats due to the incoming absorbed solar radiation, the carbon particles will eventually oxidize into CO2 at 
which point the particles will exit the receiver and pass through a turbine to generate power. The operation of the 
Brayton cycle engine requires a pressurized and high temperature environment. Kitzmiller [2] analyzes the 
efficiency of solar power gas turbine engines and in order to achieve a 5 MWe order output, turbine inlet 
temperatures of approximately 1400 K and pressure ratios of 5 are required. Since the outlet of the receiver feeds 
directly into the turbine inlet, these temperatures and pressures can be considered to be the same experienced by the 
window in the solar receiver; however cooling air will be supplied to the window resulting in lower temperatures 
than the temperature of the air/particle mixture in the receiver. 
One of the largest challenges of the receiver is maintaining both the structural integrity of the window and its 
environmental seal during operation where a differential pressure and temperature gradients of hundreds of degrees 
Celsius per centimeter are present. Efforts are underway to scale up the particle receiver design to a 5 MW 
pressurized solar receiver able to withstand similar temperature and pressure conditions as SDSU’s small particle 
heat exchange receiver (SPHER) but designed for a 1.7m diameter window. This paper presents an overview of the 
derived design requirements, the preliminary mechanical design of the window and its mount, as well as results 
from a finite element analysis, utilizing direct thermal results from a monte carlo ray trace method, where heat 
conduction, extinction, and re-radiation from the receiver have been considered to determine a temperature map of 
the window as shown by Mecit et al. [3]. 
 
Figure 1: Particle solar receiver concept, test bed in Sandia National Lab (courtesy of http:/i1.wp.com/cleantechnica.com) 
2. Requirements 
The requirements of window are as follows: 
x Maintain structural stability. Failure of the window alone will result in inoperable receiver. Measures must be 
taken to ensure that the appropriate safety factors are accounted and that the design is sustainable over a long 
period of time (~10 years).  
x Maintain seal over differential pressure. An environmental seal will prevent unwanted escape of the working 
fluid from the receiver. Pressure must be maintained within the system for optimal operation of the turbine.  
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x Provide transmission of solar radiation and prevent radiation loss from the receiver. Different types of fused 
silicas are available (Corning 7980, HOQ-310, Suprasil) and provide particularly different optical transmission 
properties in varying wavelengths across the solar spectrum as described by Mecit [3]. 
2.1. Environmental conditions 
x 0.5 MPa (5 bar) operating pressure of the receiver. Optimum efficiencies are achieved through a 
recuperated Brayton cycle [2] 
x Incoming solar radiation is modeled based on a monte carlo ray trace of the heliostat field across the 
broadband wavelength spectrum to determine the incident angle on the window, the location at which 
the ray intercept the window surface. 
x High temperatures from the receiver emit large amounts of radiation onto the window, which is 
calculated from a receiver model described by Fernandez [4] 
x A varying heat transfer coefficient is applied to the inside of the window varying from between 10-80 
W/m2. These convection coefficients are used to determine baseline temperature through the window. 
The boundary conditions are explained in detail by Mecit [3]  
2.2. Fused silica properties 
The following properties for fused silica are used. Different types of fused silica or quartz are available, but the 
physical properties largely remain the same among the different grades (note that the optical properties, however, do 
not). is a compilation of particular material properties of fused silica. 
 
                                             Table 1: Fused Silica Properties, ref [3]-[6] 
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Nomenclature 
A,n Crack Growth constants, based on experimental data 
CTE Coefficient of thermal expansion 
E Elastic Modulus  
ࡷ࢒࢏ Stress intensity factor 
ࡷࡵ࡯ Critical stress intensity, mode I 
m  Weibull shape parameter 
ࡼࢌ Probability of failure 
࣌ Applied stress 
࣌࢕ Identifiable strength 
࣌ࡵ࡯ Stress at fracture 
࢚࢙ Time-to-failure 
Y Crack geometry factor 
3. Design strength 
Brittle materials cannot be evaluated utilizing a nominal strength value.  For ductile materials, safety factors 
between 1-2 are marginally acceptable depending on the application. Brittle materials like glass require a larger 
margin to accommodate potentially undetected defects that may reduce its identifiable strength. For instance, 
published values of maximum identifiable tensile stress of fused silica range from 50-80 MPa [5]. Additional factors 
of safety are needed to ensure stability during operation.  
Glasses withstand much higher stresses in compression (much higher even than steel, for instance) than in 
tension, thus reducing the tensile stresses is of high priority in a design with glass. The Weibull failure probability is 
a means to obtain an identifiable failure stress limit based on experimental data of glasses of known material and 
defect size. For evaluation, the maximum defect size can be approximated by three times the average diameter of the 
grinding particle. The probability of failure draws upon a theory-based procedure that assumes the surface flaws for 
a test sampling population will be the same or similar for the component to be used. It is a measure of inert strength 
where constant stress is applied and assumes no crack propagation occurs over time. The failure probability is 
defined in the two parameter Weibull equation below [6]: 
௙ܲ ൌ ͳǤͲ െ ݁൤ିቂ
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೘൨        (1) 
From ref [7], Klein indicates a strong relationship between the failure of glass specimens from experimental ring-
on-ring test on fused silica samples with the Weibull two parameter model in Eqn (1). Also indicated is the average 
Weibull shape parameter, m, that characterizes the scatter of the recorded failure stresses of tested specimens. From 
ref [8], Klein shows that samples between 25 to 230mm in diameter correspond strongly to a weibull modulus, m  of 
9.89±1.42. For the purposes of conservative evaluation, m=8 will be used for analysis. Flaws are likely to occur 
more commonly on larger optics, thus area scaling according to [8] is used to find an identifiable strength value for a 
1.7m diameter window of ߪ௢=38 MPa. This is based on experimental failure data from the University of Dayton 
Research Institute (UDRI)  of a 0.22 m diameter standard polished fused silica window. The probability of failure is 
then used for the time to failure, where the crack propagation is included if stressed over a period of time [9]: 
 
ݐݏ ൌ
ʹሺܭ݈݅ʹെ݊െܭܫʹܥെ݊ሻ
ሾሺ݊െʹሻܣߪʹܻʹሿ       (2) 
 
Where A, n are crack growth constants of fused silica defined by ref [10] as 6.68 m/s and 36, respectively, that 
are found through a power curve fit of experimental data. An edge crack propagating in the direction normal to the 
edges of which the forces are occurring, also known a mode I failure, defines Y as 1.12 [11]. The stress intensity 
factor, ܭ௟௜ , at the crack tip is a fraction of the critical stress intensity factor,  ܭூ஼ , at a stress below the failure stress 
of the glass. If ߪ ൌ ߪூ஼  in Equation (1). We find that from [10], 
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(a)   
 
(b)  
Figure 2: (a) Top, Applied Stress vs. Probability of failure; (b)Bottom, Applied tensile stress vs. Time-to-failure 
From the figures above, a design criterion for the acceptable tensile stresses can be defined. The inert strength of 
the 1.7m diameter window is approximately 19 MPa with a probability of failure of 0.1%. Since inert strength does 
not include crack propagation over time, a time-to-failure curve is used. Using the same probability of failure of 
0.1% as an input to equation (2), we find the curve in Figure 2(b) depicting the acceptable tensile stresses if a glass 
window is subjected to consistent stress over the period specified. For a solar receiver under operation for 12 hours a 
day for 10 years, it will amount to 1.58 x 108 seconds of pressurized operation time. For a conservative estimate, we 
will take the stress value at a time-to-failure point of 10 years from Figure 2(b), or 3.15 x 108 seconds, where the 
acceptable tensile stress for design is 7.25 MPa - “acceptable” defined as being allowable per Finite Element 
Analysis (FEA). The calculated maximum tensile stress is comparable to the industry rule of thumb 6.89 MPa, or 
1000 psi [7]. According to calculations by Saung [12], the scaled up identifiable tensile strength for a 1.7m diameter 
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window is 38 MPa based on .22m diameter test-to-failure samples described by Klein [8]. The area scaling method 
does account for the increased likelihood of imperfections on the glass, however imperfections can be cause through 
fabrication or handling that none of the above equations consider. 
4. Mount design 
Based on previous analysis of the window geometry, a 1.7m diameter window with hemispherical cap angle of 
45 degrees and nominal thickness of 25.4 mm had been chosen as the baseline design [12]. Multiple foot geometries 
were evaluated, and a stress analysis with the flat foot design with only pressure resulted in stresses lower than the 
derived acceptable value. Mounting interfaces can also be machined flat to a tighter tolerance for a better matched 
flatness with the edge condition of the window. The proposed design addresses the requirements listed in sec. 3. The 
window retainer made of titanium alloy, is particularly attractive because of its lower CTE,  averaging 9.7 μm/m-C, 
high yield strength of 880 MPa, and a low stiffness (elastic modulus) to yield strength ratio.  
 
The assembly occurs in two main steps. The first step is the installation of the window and window retainer 
against the sealing gasket and the window flange. In application, no direct contact should occur between the glass 
and the metal. The use of Grafoil have been used in previous pressurized window receivers with success [13] [14]. 
Centration of the window about the y-axis is achieved through the window retainer. Once this window and its 
retainer are assembled, it will mount onto a parallel guide flexure system. The parallel guide flexures account for the 
thermal expansion differences between the steel receiver and the kovar flange. In the cross section shown in Figure 
3b details the flexure system, where the parallel guide provides translational compliance in the x direction. 
 
 
Figure 3: (a.) Left, Exploded View (b.) Right, Section View 
 
5. Thermal mechanical analysis – steady state  
COMSOL 4.3b was used for the Finite Element Analysis (FEA) analysis. Figure 4 below outlines the process 
map for approaching the thermal-mechanical analysis. A steady state thermal model is created to implement the 
temperature maps received from Mecit and Whitmore [3]. The temperature mapping of the window involves 
convection and radiation from within the solar receiver as well as the extinction of the solar radiation through the  
glass material. The resulting temperature map was imported as a thermal where the operating conditions in sec. 1 are 
applied. 
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Figure 4: Thermal Mechanical FEA process map 
 
The thermal load is calculated using a computer code, MIRVAL, from Sandia National Laboratory utilizing a 
Monte Carlo Ray Trace (MCRT) method with additional codes written by Mecit and Whitmore [3]. The temperature 
of the window is analyzed by doing an energy balance between the following: the solar energy absorbed in the glass 
from the MCRT method, the energy absorbed by the thermal infrared radiation, the thermal radiation emitted from 
the window, the liquid cooled outer mounting ring, and convection on both sides of the window. The material 
properties of fused silica, particularly HOQ-310, were used for thermal analysis [3] and was found to be one of the 
better options for optical transmission through the solar spectrum. The following boundary conditions were used: 
h_in as 10 W/m2-oC with an ambient temperature of 227oC, h_ex as 100 W/m2-oC with an ambient temperature of 
60oC (forced air convection) and a fixed edge temperature of 25 oC where an actively cooled system is assumed. The 
maximum temperature of the window is calculated to be 610oC from [3], but based on the interpolation function in 
COMSOL, the maximum temperature is interpolated to 599oC. 
 
 
 
 
 
Figure 5: (a.) Left, boundary conditions used for thermal analysis to obtain temperature mapping of window (b.)Right, Temperature mapped 
 
Based on the maximum-normal-stress (MNS) theory for brittle materials, failure is to occur whenever one of the 
three principal stresses equals or exceeds the strength of the material [11]. In this case, the acceptable stress is 
defined in sec. 2 to be equal or less than 7.25 MPa. Closed form solutions to calculate the maximum principal stress 
exist, however there are limitations for estimating surface deformations, particularly at the window foot where stress 
concentrations are expected to occur. Thus, the stress is best evaluated using FEA software. The FEA model is 
reduced to the basic components of the system, the window and the key constituent pieces, like the window retainer 
ring and flexure system.  
Using Table 2, the conditions are then applied to a 2-D axisymmetric representation of the model as shown in 
Figure 6, where the temperature from [3] is mapped through an interpolation function. The maximum temperature in 
the 2-D axisymmetric model is 567oC, lower than the analyzed 610oC in [3] because the cross section of the window 
was not taken where the maximum temperature occurred, however the temperature gradient profile is similar in 
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behavior, the largest gradient occurs near the window foot. As seen in Figure 6, the largest temperature gradient 
occurs very close to the window edge. This boundary condition assumes that there will be active cooling at the 
window foot. The elements of the window are triangular in shape and its maximum size is limited to .001 m. The 
elements in the blade flexure have a maximum element size of .0005 m. The model contains a total of 60,800 
elements at its initial setting. The blade height is set at .030 m, and in the following analysis, the blade width is 
adjusted from .001 to .004 meters. This study is done to evaluate if a geometry of this type is a viable concept.  
 
  
Figure 6: Illustration of constraints described in Table 3 
 
                                                  Table 2: FEA constraints applied on window and window flange 
No. Part Constraint Value Units 
1 Window Temp. Mapped Mapped oC 
2 Flange Temp. Fixed Temp. 27 oC 
3 Window Pressure 0.5 MPa 
4 Lower Flange Displacement .0015 m 
5 Self-weight Gravitational Force -9.8 m/s2 
6 Flange to Receiver Body Roller Contact - - 
7 Window to Gasket  Fixed Contact - - 
8 Gasket to Flange Fixed Contact - - 
 
    
                                                                             Table 3: Table of material properties 
Property 
Units 
Density 
kg/m3 
Elastic Modulus 
Gpa 
Titanium  4940 105 
Kovar 7850 138 
Grafoil 1121 1.37 
 
 
The temperature maps are used as inputs into the structural model where the other stress-induced forces are 
applied such as differential pressure, gravitational forces, and as well as the forces associated with the flexure mount 
system. The receiver body is also expected to increase in length with an increase temperature. Because it is assumed 
to be made of steel with a CTE of 18 μm/m-oC and radial length of 0.85m, the change of length due to thermal 
expansion is approximated using the equation below.  With an average steel body temperature of 100 oC and 
α=18μm/m-C and an average window temperature and CTE of 500 oC and 0.5μm/m-C, the difference in thermal 
expansion is calculated using the equation for thermal expansion, ࢤࡸ ൌ ࡸ࢏ࢻࢤࢀ. For an initial length taken as the 
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radial length .85 m, the difference in thermal expansion  is calculated to be 1.33mm, but for conservatism 1.5mm is 
used, and applied to the model as a displacement. 
 
As expected, because all the contacts in the model are bonded or “clamped”, the window stresses are 
concentrated at the foot location. There is an optimum point where the thickness of the blade flexure induces the 
least amount of stress in the window, and this point occurs where the maximum principal stress of window is the 
lowest. From Figure 7, this optimum point for the window occurs where the blade thickness is .0048 m. It should be 
noted that even at this location, it does not meet the maximum tensile stress requirement of 7.25 MPa defined Figure 
2(b). Also shown in Figure 7 is the von mises stress of the blade flexure to check to make sure it falls under the yield 
strength of 880 MPa. Both these parameters need to be satisfied in order to have a viable concept. By decreasing the 
blade height from .050m to .040m and .030m the same trend is observed where the minimum tensile stresses in the 
window remain at 12 MPa, however the optimum blade length decreases to .0038 m and .0028 respectively, but the 
stress in the blade flexures increase above the acceptable yield strength.  
 
(a.) 
  
 
 
                                
                            (b.) 
Figure 7: (a.)Left, maximum principal stress of window and von mises stress of blade flexure vs blade thickness with a blade height of .050m 
(b.)Right, Maximum principal stress (Pa) plot of window for a blade thickness of .0028 m and a blade height at .030 m 
6. Conclusion 
This paper captures the initial design phase of the window geometry and its mount. By using a Weibull failure 
probability and utilizing the crack velocity of fused silica based on published data, the author shows a methodology 
to arrive at a maximum allowable tensile strength and uses this as a metric for evaluating the stresses with a finite 
element analysis. A temperature map of the window, arrived from a monte carlo ray trace analysis of the incoming 
solar radiation, factors in radiation and convection from within the receiver with a fixed edge temperature, is 
implemented into the model to simulate the expected strain in the window. Based on a fixed contact boundary 
condition between the window and the mount, the maximum principal stress observed through FEA changes based 
on the blade flexure geometry. A variety of dimensions of the blade geometry were used, and the results are 
presented. Further work is required to develop the model for a better representation of the contact between the 
window and its mount. 
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